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A detailed quantitative analysis of the specific heat in the 1.8− 300 K temperature range for L-
cysteine and L-cystine amino acids was presented. We observed not extended but a sharp transition
at ∼ 76 K for L-cysteine. This transition was associated to the thiol group ordering and the order-
disorder transition was adequately modeled by a 2D Ising model. The energy difference among two
thiol configurations was found to be −J = εA−εB = −66.6 cal/mole. Besides, we conducted a study
of phonon and rotor contributions to the specific heat and we proposed a generalization of Debye
model. It was possible to evaluate the exponent of the g(ω), leading to the result that it corresponds
to the Debye model for L-cysteine, which implies that the boson peak in this system is due to a
maximum in the Ccoup(ω) and also that the plane wave of wave-vector ~q is a good approximation to
describe the phonons. On the other hand the origin of the boson peak for L-cystine correlates to a
peak in g(ω) and phonons in L-cystine could be well represented by strongly attenuated plane waves
or localized vibrations. Lastly, the analysis at very low temperature (T < 3 K) indicated that L-
cysteine presented a nearly temperature independent behaviour which is opposite to which is widely
observed in systems with glassy characteristics within the Two-Level System (TLS) framework.
I. INTRODUCTION
It has been reported that biological macromolecules
present two dynamical transitions at TD ∼ 200 − 230
K and T ∗ ∼ 80 − 100 K [1–7]. The first one occurs at
hydration levels greater than ∼ 18%, and it is related to
a deviation from anharmonic to harmonic behavior of the
mean squared atomic displacement with decrease of the
temperature [4]. According to some authors (see e.g. Ref.
[8]) TD corresponds to the onset of a glass transition, Tg,
although some researchers [9] pointed out that TD and Tg
have different physical origin. Additionally, it has been
suggested that TD is correlated to onset of biochemical
activities of the macromolecule [1–4, 10].
Recent work [11] reported that some physical proper-
ties of hydrated L-cysteine resemble those of quantum
glass materials. Furthermore, a universal feature of such
systems is that the vibrational density of state (g(ω)) de-
parts from the squared-frequency Debye-law, displaying
an excess of states, the boson peak [12]. Transition at
T ∗ is hydration level independent [4]. Some works [4, 13]
interpreted this transition as related to the thermal ac-
tivation of methyl groups rotation. However, neither the
microscopic nature nor the biological relation of these
transitions is completely understood.
A detailed investigation of the crystal structures of
amino acids and their dynamics is very important to
understand complexes biological molecules [14, 15]. Be-
sides, it was shown [16, 17] that both transitions do not
require the protein polypeptide chain as well as the pro-
tein secondary and tertiary structure. Intramolecular
motions and intermolecular interactions could be probed
by experimental techniques where temperature and pres-
sure are tuning parameters [15].
Several studies based on the calorimetric measure-
ments of amino acids that revealed phase transition can
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be mentioned. Wang et al. [18] observed a λ−transition
at 272 K by differential scanning calorimetry (DSC) for
D-valine. It was proposed that the shape of the jump for
D-valine is due to electron coupling. For taurine, Lima et
al. [19] found the existence of a first-order transition at
251 K with temperature-dependent Raman spectroscopy
that was confirmed by DSC data. Besides, it was ob-
served by Drebushchak et al. [20] a second order phase
transition near 252 K for β polymorph of glycine com-
paring the results with the data for α-glycine. Such tran-
sition was considered as ferroelectric-paraelectric transi-
tion.
The orthorhombic polymorph of the amino acid L-
cysteine has been also focus of recent interest. This
amino acid possesses a very simple chemical structure
and high biological relevance. The thiol or sulfurous
group in the residues of L-cysteine is the most chem-
ically reactive site in proteins under physiological con-
ditions [21]. This compound presents a tiny specific
heat anomaly near ∼ 76 K [22, 23]. These authors pre-
sented a qualitative interpretation of this anomaly to
an order-disorder phase transition bearing in mind the
results of ref. [24] where it was shown that the thiol
groups are ordered at 30 K. Paukov et al. [22, 23] mea-
sured the L-cysteine specific heat in pulse and contin-
uous modes in the region of the anomaly, however no
sharp order-disorder transition was observed. Kolesov
et al. [15] utilizing variable-temperature polarized Ra-
man spectroscopy verified the dynamic transition related
to switching from S − H · · ·S hydrogen bonds to the
S − H · · ·O contacts is not sharp, but is extended in
a wide temperature range as observed by Paukov et al.
[22, 23]. Another qualitative propose concerning the na-
ture of the transition near ∼ 76 K for L-cysteine relies to
the rotation of CH2 group [16].
In the present work a detailed quantitative analysis of
the specific heat in the 1.8 − 300 K temperature range
for L-cysteine is presented. A comparison with L-cystine
amino acid, was also performed. L-cystine is formed by
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2two cysteine molecules linked via a disulfide bond which
prohibit thiol ordering [25].
II. MATERIALS AND METHODS
A. Samples
The samples used were the commercial powder of or-
thorhombic crystalline L-cysteine and hexagonal crys-
talline L-cystine from Sigma-Aldrich (purity of 97%
and 98%, respectively). According to X-ray diffrac-
tion data obtained with STOE STADI-P diffractome-
ter and performing the Rietveld method analysis (us-
ing GSAS+EXPGUI software [26, 27]), it was possible
to verify that the crystal structure of L-cysteine is or-
thorhombic as previously determined in ref. [28]. The
space group is P212121 with Z = 4 and unit cell lat-
tice parameters a = 8.11639(7) A˚, b = 12.17169(11)
A˚, and c = 5.42266(4) A˚. The crystal structure of L-
cystine was refined as belonging to space group P6122
(hexagonal) Z = 6 with unit cell lattice parameters
a = b = 5.42264(5) A˚, and c = 56.2908(5) A˚, in ac-
cordance with Ref. [29].
B. Calorimetric measurements
The calorimetric measurements were performed in the
Physical Properties Measurements System (PPMS) with
Evercool-II R©option from Quantum Design Inc. This sys-
tem employs a thermal-relaxation calorimeter that deter-
mine the specific heat of the sample by measuring the
thermal response to a change in heating conditions [30].
C. Theoretical models
It has been pointed out that a superposition of com-
plexes contributions need to be considered to explain
the specific heat of L-cysteine. Due to the strong an-
harmonicity of the system and the glassy behavior, the
usual low temperature Debye contribution to specific
heat cD ∝ T 3 need to be revised. Moreover, the methy-
lene group rotors and the order-disorder contributions
need also to be taken into account.
1. Generalized Debye model (GDM)
Commonly, the approach used to describe the acous-
tic phonon contributions to the specific heat is the Debye
model. However it has been shown that amino acids such
as L-cysteine presents glass-like behavior, e.g. an excess
contribution to the usual g(ω) that can be observed in the
scaled specific heat cp(T )/T
3 at low temperatures [11].
Within the phonon localization picture model for boson
peak [31] one expects that the linear phonon dispersion
law breaks down. We proposed a power-law for disper-
sion relation ω (q) = vqα where v is the sound speed of
a transverse or longitudinal phonon. Therefore, the g(ω)
will be written as
g(ω) =
3V
2pi2αv
(ω
v
)3/α−1
, (1)
where V is the unit cell volume. The total internal energy
is
U =
3V~
2pi2αv3/α
∫ ∞
0
ω3/α
e
~ω
kBT − 1
dω, (2)
where ~ is the reduced Planck constant, kB is the Boltz-
mann constant. A sharp cutoff at ωc is chosen that the
total number of modes equals the number of vibrational
degrees of freedom, 3N . Thus,
ωc = v
(
6pi2N
V
)α/3
. (3)
The molar specific heat is calculated by
cphononsV =
NA
NV
(
∂U
∂T
)
V
=
n
9R
α
(
T
θc
)3/α ∫ θc/T
0
x3/α+1ex
(ex − 1)2 dx. (4)
where R is the gas constant, ~ωc = kBΘc and n is the
number of atoms per unit formula. In the case of the
L-cysteine and the L-cystine n = 14 and 28, respectively.
Note that the usual Debye model is the particular α = 1
2. Specific heat of anisotropic rigid rotors
Other relevant contribution to specific heat of
biomolecules to be considered arises from the methyl or
methylene groups rotations. Once approximating this ro-
tating side chain as an anisotropic rigid body one could
use the results of Caride and Tsallis [32] and compute
this contribution to the molar specific heat as
crotorsV = R
1
T 2
{
V
Z
−
(
W
Z
)2}
(5a)
with
V ≡
∞∑
l=0
(2l + 1)e
−l(l+1)
t ×
l∑
m=−l
{
l(l + 1) +
(
Ixy
Iz
− 1
)
m2
}2
e
Ixy
Iz
−1
t , (5b)
3W ≡
∞∑
l=0
(2l + 1)e
−l(l+1)
t ×
l∑
m=−l
{
l(l + 1) +
(
Ixy
Iz
− 1
)
m2
}
e
Ixy
Iz
−1
t , (5c)
Z ≡
∞∑
l=0
(2l + 1)e
−l(l+1)
t
l∑
m=−l
e
Ixy
Iz
−1
t , (5d)
where l is the angular momentum, Ix = Iy = Ixy is the
moment of inertia about x and y axes with the same
module, Iz the moment of inertia about z axis, m is the
magnetic quantum number ranging from −l,−l+1, . . . , l.
3. Order-disorder and Ising model
Once making the analogy of the two possible states of
the spins with the two possible states of the thiol groups
in the plane the hypothesis of order-disorder transition
at ∼ 76 K for L-cysteine could be modeled by using the
2D Ising model [33]. Thereby, the molar specific heat at
the order-disorder transition is given by
cIsingV (T ) =
2R
pi
K2 coth2(2K)
{
2K(κ)− 2E(κ)− 2 sech2(2K)
(pi
2
+ (2 tanh(2K)− 1)K(κ)
)}
, (6)
with κ = 2 sinh(2K)/ cosh2(2K), K = J/kBT , K(κ),
and E(κ) are elliptic integrals of the first and second type,
respectively. The parameter J corresponds to the average
energy between the two average ordered and disordered
structures.
III. RESULTS AND DISCUSSION
The first question that will be addressed concerns the
nature of the transition at ∼ 76 K. As pointed by Lashley
et al. [30], it is important to stress that there are many
difficulties in analyzing the individual contributions from
various degrees of freedom to the specific heat at low
temperatures. Consequently, there is a great deal of ef-
fort that goes into controlling the details that are part of
calorimetric measurements. Usually the control of details
as thermometry, temperature-scale issues, and the cre-
ation and control of heat leaks specially in sharper tran-
sitions of first order is needed. In a commercially avail-
able calorimeter a large number of these details might be
hidden from the user [30]. The specific heat can be deter-
mined in the vicinity of a phase transition by analyzing
the thermal-relaxation data point-by-point rather than
by obtaining a single CP value for the entire tempera-
ture region spanned by the decay [30]. From the time-
dependent relaxation data T (t) the specific heat near a
phase transition is obtained by
CP [T (t)] = −K (T − T0)
dT (t)/dt
, (7)
where K is the thermal conductivity of the calorimeter
wires and T0 is thermal bath temperature.
Figure 1a) presents the relaxation data T (t) around
76 K. The CP [T (t)] data obtained by using Eq. 7 is
shown on Fig. 1b). In the narrow temperature window
of ∼ 0.20 K the sharpness of the transition becomes clear.
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FIG. 1. a) Relaxation data used to determine Cp(T ) around
Tc ∼ 76 K. b) The specific heat data calculated in the vicinity
of the first-order transition.
The transition jump starts to develops at T ∼ 75.96 K
ending at T ∼ 76.96 K with maximum of ∼ 100 J/mole K
which is limited by experimental resolution. The jump in
the specific heat compared to the overall 1.8−300 K data
is shown on Fig. 2a). Figure 2b) shows the molar spe-
cific heat data for L-cystine amino acid. The absence of
phase transition in this case corroborates the hypothesis
that thiol order-disorder transition is responsible for the
sharp peak observed at 76 K for L-cysteine. The ordered
configuration corresponds to the (A) scheme shown on
Fig. 2. The Ising model was able to reproduce the peak
corresponding to ordering of thiol groups with acceptable
accordance. The jump observed experimentally appeared
to be narrow than the Ising simulation peak. This fact
could be explained remembering that Eq. 6 does not
take into the several possible thermally activated dis-
ordered configurations (B). Usually, Ising Monte Carlo
4simulations sampling several configurational possibilities
furnish better accordance with experimental data. The
energy cost of the thiol ordering is −J = εA−εB = −66.6
cal/mole.
Besides the ordering transition, contributions from
phonons and rotors also need be considered. The quan-
tity experimentally accessed by our experiments is CP .
Since for solids CV ≈ CP and based on Eqs. 4, 5, 6 the
total molar specific heat of L-cysteine could be modeled
according to
cP = acphonons(Θc, α, T ) + cIsing(J, T )
+bcrotors(L, Ixy, Iz, T ), (8)
For the L-cystine case the contribution due to order-
disorder of the thiol group was not considered. Se-
lected simulations and each contribution to specific heat
are shown in Fig. 2 for L-cysteine and L-cystine. For
both amino acids, it was performed simulations taking
α = 1 (Debye model) and α 6= 1. The goodness of
simulations was evaluated by computing the difference
∆2c = (cexperimental − csimulated)2 (Fig. 3).
Table I summarizes all obtained parameters. Moments
of inertia of CH2 are in accordance to prolate symmet-
ric top (Ixy < Iz), which is consistent with the result
found by Lima et al. [16]. Ixy and Iz for L-cystine were
more sensible to α presenting ∼ 11% of variation. The
obtained values are of the same magnitude order of those
calculated from atom masses and distances.
TABLE I. Table of the parameters obtained by simulation for
L-cysteine and L-cystine.
Parameters L-cysteine L-cystine
α 1 0.8 1 1.5
a 0.275 0.265 0.173 0.38
L[J · s] 10 10 10 10
Ixy[10
−49Kg ·m2] 3.95 4.3 4.25 3.8
Iz[10
−47Kg ·m2] 9.55 9 17 10
b 2.55 2.45 4.43 4.7
Θc[K] 245 225 252 320
J/kB [K] 33.5 33.5 - -
Phonon contributions to the simulations need to be an-
alyzed in more details due to implications on the g(ω).
It is the main contribution to low temperature cP . Con-
fining our analysis to T ≤ 50 K, one could conclude from
Fig. 3 that L-cysteine data were best simulated with De-
bye model (α = 1). On the other hand, the α = 1.5 gave
the best results for L-cystine. From values of α obtained
by simulations we could infer that g(ω) ∝ ω2 (α = 1)
and g(ω) ∝ ω2.75 (α = 1.5) for L-cysteine and L-cystine,
respectively. These findings have very important impli-
cations to the boson peak origin comprehension.
Shuker et al. [34] have shown that the low frequency
Raman scattering intensity of amorphous solid is
I(ω, T ) = Ccoup(ω)
g(ω)
ω
[1 + n(ω, T )] , (9)
where Ccoup(ω) is the coupling constant, n(ω, T ) is the
Bose-Einstein occupation factor. This expression have
been widely used to explain the boson peak in glasses.
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FIG. 2. Experimental data and best simulated curve using Eq.
8 for L-cysteine (a) and L-cystine (b). The Ising contribution
was not considered for L-cystine.
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FIG. 3. Squared difference plot ∆2C for L-cysteine (a) and
L-cystine for some selected α values.
Since g(ω) corresponds to the Debye model for L-
cysteine, one could infer that the boson peak in this
5system does not have its origin due to a peak in the
vibrational density of states but due a maximum in the
Ccoup(ω). Thereby, for L-cysteine the dispersion relation
ω = vq is expected to be valid up to higher frequen-
cies. Thus the plane wave of wave-vector ~q is a good
approximation to describe the phonons [35]. However,
for L-cystine, the excess of vibrational density of states
compared to Debye model is clear from the exponent de-
pendence of g(ω) and the origin of the boson peak for L-
cystine correlates to a peak in g(ω). Therefore, phonons
in L-cystine could be well represented by strongly atten-
uated plane waves or localized vibrations. This very dis-
tinct behavior has direct impact on Θc estimation since
the localized vibrations results an increase of 75 K for
this parameter.
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FIG. 4. cp/T
3 vs T specific heat data of L-cysteine (closed
circles) and L-cystine (open circles). Dashed lines represent
the TLS contribution ∝ T−0.005 and ∝ T−0.65 for L-cysteine
and L-cystine, respectively.
At very low temperatures (∼ 1 K) the specific heat
of glasses is usually described in the two-level systems
(TLS) model framework [36]. This model assumes the
glass state as “frozen liquid”, with a large number of
metastable states. A very low temperatures thermally
activated processes between these states are highly im-
probable. Therefore one is left with the idea of tunneling
process between two states that correspondS to the two
local minima of configuration [36]. Fig. 4 shows the
log-log plot of cp/T
3 vs T for L-cysteine and L-cystine
samples. The Debye plus TLS contribution was fitted
to ∝ T−0.005 and ∝ T−0.65 for L-cysteine and L-cystine,
respectively.
IV. CONCLUSION
From our quantitative analysis of the specific heat
results for L-cysteine and L-cystine we conclude that
the transition at ∼ 76 K for L-cysteine is due to thiol
group ordering. We show that this transition is not ex-
tended as presented in literature, but is a sharp first or-
der phase transition. We elaborate that its sharpness
prevented others researchers to clearly observe the emer-
gence of the peak. The order-disorder transition was ad-
equately modeled by Ising model. The energy cost of the
thiol ordering was obtained as −J = εA − εB = −66.6
cal/mole. Phonon and rotor contributions were also an-
alyzed. From the conjugated analysis it was possible es-
timate the exponent of the g(ω). It was found that it
corresponds to the Debye model for L-cysteine, which
imply that the boson peak in this system is due to a
maximum in the Ccoup(ω) and also that the plane wave
of wave-vector ~q is a good approximation to describe the
phonons. On the other hand, for L-cystine, the origin of
the boson peak correlates to a peak in g(ω) and phonons
in L-cystine could be well represented by strongly attenu-
ated plane waves or localized vibrations. Analysis at very
low temperature (T < 1 K) indicates that L-cysteine pre-
sented a nearly temperature independent behavior of is a
remarkable finding for a system with glass characteristics
since does not follow the prevision of TLS model.
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